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Abstract 
We report on the experimental observation of Interatomic Coulombic Decay (ICD) in 
pure 4He nanoclusters of mean sizes between N~5000-30000 and the subsequent 
scattering of energetic He+ fragments inside the neutral cluster by using Cold Target 
Recoil Ion Momentum Spectroscopy (COLTRIMS). ICD is induced in He clusters by 
using VUV light of hν = 67 eV from the BESSY II synchrotron. The electronic decay 
creates two neighboring ions in the cluster at a well-defined distance. The measured 
fragment energies and angular correlations show that a main energy loss mechanism 
of these ions inside the cluster is a single hard binary collision with one atom of the 
cluster. 
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Introduction 
Due to their superfluid and inert characteristics, helium nanoclusters are often used in 
spectroscopy as a cooling matrix for dopant atoms and molecules in order to study 
their properties at extremely low temperatures. Being superfluid, these nanodroplets 
have an almost infinite thermal conductivity. When heated, thermal energy of up to 
several eV (depending on the cluster size) is dissipated by evaporation of neutral 
helium atoms from the droplet surface until the equilibrium temperature of 0.38 K is 
reached again [1]. In addition, movement inside superfluid helium is frictionless 
below Landau’s velocity [2,3]. The measurement of this critical velocity in helium 
nanodroplets has recently been reported in [4]. Helium droplets are transparent in a 
broad band reaching from far infrared to vacuum ultraviolet (VUV). The binding 
energy of each He atom in a droplet is about 0.6 meV [5]. The shape of such droplets 
is spherical or ellipsoid with a center density of ρ = 21.8 nm-3 dropping towards zero 
at the surface within a distance of 6 Å [6-8]. The rotational dynamics of molecules in 
helium has been extensively studied in the past [1, 9-11] establishing helium droplets 
as a well-suited environment for studying cold foreign neutral species in liquid helium 
[12] or improving the spectrometric resolution [13]. Nevertheless, recent X-ray 
diffraction experiments have indicated the existence of quantum vortices in superfluid 
droplets [14] implying that deposited rotational energy and angular momentum of up 
to several thousand ħ can be absorbed in the clusters by the formation of a large 
number of quantized vortices [15]. The translational dynamics of neutral species in 
bulk helium has been studied in the past [16] and has recently been confirmed to 
proceed in nanodroplets comparable to moving macroscopic objects in bulk superfluid 
helium [4,17-19]. Photodissociation experiments [20,21] involving CF3I dissolved in 
helium nanoclusters revealed a considerable loss of kinetic energy of the fragments 
inside helium clusters which points to a momentum transfer through binary collisions 
with cluster atoms. The same collisional model was later successfully applied to 
explain the velocity distribution of ionic photofragments in helium droplets reported 
in [22,23]. 
Here we present a novel approach to address the question of how charged particles 
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move and dissipate energy in helium droplets. We create a singly charged excited 
He+* ion in the droplet by single photon ionization excitation. We then use the 
subsequent Interatomic Coulombic Decay (ICD) [24-26] as a very efficient way to 
deposit a second neighboring charge in undoped helium clusters creating a well-
defined initial situation. This allows studying the subsequent interaction of the 
positively charged ions with the neutral cluster. In this electronic decay process, the 
ion’s excitation energy is transferred through the Coulomb interaction to another 
cluster atom causing emission of an electron (the “ICD electron”) from the second 
atom. The two neighboring ions repel each other giving rise to a kinetic energy as 
they fly apart. For isolated helium dimers (He2) in the gas phase ICD is well-known 
and the kinetic energy distribution of the pair of He+ fragment ions has been examined 
in great detail [27-32]. In helium droplets, ICD of photoexcited He+* ions has recently 
been observed [23,33]. The fragmentation dynamics upon ionization of doped helium 
clusters has first been discussed in [34]. Following the creation of He+ ions in helium 
droplets, fast migration of the electron hole [35,36] may set in which finally stops 
resulting in the formation of ionic complexes known as “snowballs” [20] suppressing 
further charge hopping [37]. Elastic scattering of fast ions with neutral cluster atoms 
is discussed in the literature [20,22] in which a Monte Carlo simulation based on this 
model was adapted to fit the experimental data. The same collisional model was 
successfully applied in [23] to explain the kinetic energy distribution of fast He+ ions 
in helium clusters. Our results show for the first time a direct, energy- and angle-
resolved experimental observation of such scattering events in helium nanoclusters. In 
contrast, the dynamics of electrons in helium droplets, primarily in cases where the 
electron kinetic energy is below the threshold for electronic excitation of He, and thus 
not allowing for inelastic scattering as an energy loss mechanism, is much less 
understood. Experiments on photoionization of molecules dissolved in helium 
nanodroplets show indeed very different influence of the helium environment on the 
photoelectron spectra compared to the spectra of bare molecules [6,33,36,38-40]. In 
our experiment, we found only negligible energy loss of photo- and ICD electrons 
(Fig. 1). 
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Experimental setup 
We create helium nanoclusters in a supersonic expansion of helium cooled down to a 
temperature of 12 K through a 5 µm nozzle at a pressure of 25 bar. The neighboring 
He+ ion pairs are then created inside the helium nanoclusters of mean cluster size 
between N~5000 and 30000 by using photons (hν = 67 eV) from the BESSY II 
synchrotron. The photon ionizes and excites a single atom of the cluster into the n=2 
excited state of He+. On deexcitation to the ground state, excess energy is either 
emitted by radiative decay or released through ICD. In the latter process, a second 
He+ ion is formed inside the cluster and the ion pair dissociates due to the strong 
Coulomb repulsion (Coulomb explosion). Initially, the fragments are emitted back-to-
back and their initial kinetic energy is given by the inverse distance of the atom and 
the ion at the instant of ICD. Due to energy conservation, this distance is encoded in 
the IC-decay electron energy, as well. The relative angle between the momentum 
vectors of the fragment ions leaving the cluster and of the ICD electron as well as 
their kinetic energy is measured by using the COLTRIMS technique [41-43]. The 
measurements were carried out at the TGM-7 beamline at Helmholtz-Zentrum Berlin. 
 
Results 
It is well confirmed by experiments on the helium dimer that the excitation energy of 
the He+*(n=2) state results in an excess energy of 16.22 eV which is shared between 
the ionic fragments and the ICD electron [24]. This constant sum energy leads to a 
characteristic diagonal feature when plotting the kinetic energy release (KER) of the 
ions versus the kinetic energy of the ICD electron (Fig. 1). In turn, the observed 
diagonal in the energy correlation is a clear proof that ICD does occur in the cluster. It 
is unlikely, that the observed dissociations occur in the gas phase, as at the conditions 
to which the nozzle was set the fraction of clusters of N<10 is negligible. To enhance 
the contrast of this feature, we have selected a subset of the experimental data where 
the two ion momenta are directed back-to-back with similar magnitude. This filters 
out events where one or both ions have scattered and lost energy in the cluster. 
In case we do not use this back-to-back emission filter on the data, we find that the 
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kinetic energy of most He+ fragments measured in this experiment lies below 3 eV 
indicating a massive loss of kinetic energy inside the helium cluster. In order to gather 
more insight into the intracluster kinematics of these ions we restrict our 
investigations to a different subset of the measured data. By selecting events for 
which an ICD electron at a kinetic energy of 7.86±0.61 eV was detected in 
coincidence with two ionic fragments we know the initial energy of each of the two 
ions to be about 4 eV due to the aforementioned sum energy relation. This suppresses 
the background consisting of helium ions from direct cluster fragmentation upon 
single ionization or excitation. Figure 2 depicts the corresponding measured 
correlation of the final ion kinetic energies after the ions have left the cluster. This 
energy correlation shows two regions. In region I both ions of the pair carry a low 
kinetic energy of less than 3 eV per ion, whereas in region II at least one of the ions 
has retained its initial energy of approximately 4 eV. In the latter case, the other ion 
shows a broad energy distribution spreading from 0 eV to the maximum energy of 
4 eV causing horizontal and vertical structures in Fig. 2. 
 
Discussion 
Examining these features in more detail allows answering our main question: what is 
the energy loss mechanism of the ion in the cluster? This mechanism becomes 
obvious by plotting the angle between the ions versus the ion energy of the slower of 
the two ions as shown in Fig. 3: the correlation between angle and energy looks 
completely different for events belonging to regions I and II. For region II a very 
distinct structure closely following the red line is visible. This line shows the 
correlation one expects for a single, classical, binary elastic collision of the fast 
particle with an equal mass particle which is initially at rest. Given the low energy of 
the cold atoms in the droplet this assumption of being at rest, compared to an ion with 
a kinetic energy of 4 eV, is well justified. The good agreement between the measured 
data and the prediction of the binary collision model suggests the following scenario 
subsequent to ICD: the fast ions (approximately 4 eV) are ions originating from 
Coulomb explosion which directly leave the cluster without scattering. The ICD-
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induced second ion initially starts back-to-back to this first ion but on its way through 
the cluster undergoes one single hard binary collision in which it is deflected and 
loses part of its initial energy. 
In contrast, fragment pairs in region I display a perceptively different energy to 
angular correlation (Fig. 3, bottom). In this region, both ions are detected with low 
kinetic energy implying that both ions must have undergone considerable loss of 
energy. At the same time, their kinetic energy stays comparatively constant over a 
wide angular range from 180° to approximately 90°. In the context of the elastic 
scattering model, the very low final kinetic energy of approximately 0.25 eV of 
fragments in region I implies that both fragments must have separately lost energy in 
one or multiple scattering events leading to a resulting scattering angle close to 90° 
relative to the direction of their initial momentum vectors. Such multiple scattering of 
the ions would lead to an isotropic angular distribution when the fragment energies 
are plotted versus the relative planar angle between their momentum vectors as done 
in Fig. 3. However, in the present data almost no fragment ions are observed in region 
I with relative angles smaller than 90°. Energy loss of one or both fragment ions in 
few scattering events under large scattering angles (tens of degrees) is therefore not a 
plausible explanation. On the other hand, experiments reported for instance in [8,20-
21] already indicated that in superfluid helium droplets deposited energy of neutral 
particles can subsequently be dissipated by excitation of phonons and ripplons 
(quantized surface waves) followed by evaporation of atoms from the droplet surface. 
The cooling capacity of N~5000 droplets is estimated in [8] to be as large as 3 eV. A 
quite similar estimation is made in [44], where evaporative cooling is suspected to 
dissipate approximately 0.6 meV of thermal energy per evaporated atom [45], 
equivalent to the binding energy of the atoms in the cluster. The timescale for this 
energy dissipation is in the order of less than 1 ps/eV [8]. Considering an initial 
fragment velocity in the order of 104 m/s, which is by far exceeding Landau’s 
velocity, the transit time of an ionic fragment through a midsized cluster (N~104) is, 
depending on the starting point, longer than 1 ps. It is conceivable that the absorption 
of kinetic energy by the cluster is a continuous process which gradually decelerates 
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the fragments until they reach the cluster surface while having a small influence on 
the deflection of the ions as compared to a binary collision under small impact 
parameter. The model applied in [22] suggests that this process can be viewed as a 
sequence of elastic ion-atom scattering events under very small scattering angles 
resulting in a friction-like continuous energy loss of the ions while traveling through 
the cluster. The model showed that the average number of collisions in helium clusters 
of sizes similar to the ones in the present experiment (N~104) is approximately 30. 
However, a continuous energy loss in many elastic scattering events under small 
scattering angles would result in fragments being detected at large relative angles and 
in a continuum between 4 eV and zero kinetic energy. Surprisingly, at angles close to 
a back-to-back emission in region I and II, two maxima in the energy can be observed 
which are (when comparing regions I and II) well separated by more than 3 eV while 
almost no fragments are detected in between. A plausible explanation for the angular 
distribution observed in region I can be taken from [23]. Upon ICD and Coulomb 
explosion, fast He+ ions hit neighboring cluster atoms in an elastic collision. 
Depending on the impact parameter, the fragment ion either comes to a complete 
standstill while transferring most of its kinetic energy to the neutral ion in a head-on 
binary elastic collision. Another possibility is a fast charge transfer between the 
neutral atom and the He+ ion takes place as discussed theoretically for He droplets 
[35] and observed recently in experiments on small He clusters [46]. In both cases a 
high energetic neutral atom and a low kinetic energy helium ion are created in the 
vicinity of the other fragment ion created in the initial ICD event. After this collision, 
Coulomb explosion sets in again at a much larger internuclear distance resulting in the 
observed lower KER. At the same time, a larger initial internuclear distance, i.e. ICD 
between non-nearest neighbors (second-shell ICD) [47], cannot explain the low 
fragment energies observed in the present experiment as such IC-decays would result 
in ICD electrons with much higher kinetic energy. 
The present experimental data indicate a considerable interaction of charged atoms 
with the helium cluster. The data show clear signatures for elastic scattering (region 
II). These findings can be reconciled considering the droplet size in our experiment. 
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At this size, the surface layer amounts up to about 30% of the volume. We have 
performed further measurements on the relative contributions in region I as compared 
to region II (not shown) and found that the relative yield in region I increases with 
increasing cluster size. Compiling all results, we suggest the following overall 
scenario: if the ion pair is created inside the droplet [Fig. 2(a)], in the majority of 
cases both ions are slowed down leading mostly to events in region I. If, however, 
ICD occurs at the surface, two options are possible: firstly, if the IC-decay occurs 
between two partners which are located both on the surface, they both can escape 
without interaction with neutral partners leading to two ions of equal kinetic energy of 
about 4 eV emitted under an angle of 180° [Fig. 2(b)]. Secondly, if the pair 
participating in ICD is oriented perpendicularly to the surface [Fig. 2(c)], one ion 
escapes without energy loss and without scattering. The second ion is shot into the 
bulk of the droplet and loses its energy mainly in a binary collision. This scenario can 
further be supported by examining the angular distribution of the ICD electron with 
respect to the direction of the fast ion [Fig. 4(b)] in comparison to the ICD electron 
angular distribution occurring for ICD in the dimer [Fig. 4(a)]. For the cluster case, 
we find a slight suppression for an ICD electron emission in direction of the slower 
ions in both regions I and II. This is in line with the surface scenario outlined above. 
The ICD electrons emitted away from the supposed cluster surface (i.e. in the 
direction of the fast ion) reach the detector, without perturbation. The ICD electrons 
which initially are emitted into the cluster are, however, partly slowed down and/or 
even absorbed in the cluster and hence do not fall into the energy region of ICD 
electrons (7.86±2.00 eV) selected in Fig. 4(b). The cluster thus shadows the electron 
emission leading to the slight asymmetry observed in Fig. 4(b). 
 
Conclusion 
In conclusion, Interatomic Coulombic Decay of neighboring helium atoms in 
superfluid helium nanodroplets of different sizes was experimentally observed and 
supports the results reported in [23]. We found that the ionic fragments emerging from 
the dissociation of neighboring cluster atoms strongly interact with the helium 
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environment through elastic scattering. The experimental results validate the 
applicability of the collisional model for fast moving ions in helium droplets. We 
observed that approximately 27% of the fragments (Fig. 2, events in region II) are 
elastically scattered from neutral cluster atoms resulting in a momentum transfer 
closely correlated to the scattering angle. 73% of the fragments, however, lose almost 
their entire initial kinetic energy through a friction-like interaction which significantly 
shifts the fragment energies to lower values but still leads to a strongly non-isotropic 
angular distribution (Fig. 2, events in region I). Second-shell ICD as a cause for the 
extremely low fragment energies can be excluded but might be addressed as a subject 
to future experiments in the field of helium nanodroplets. 
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Figure 1 Joint energy spectrum showing ICD in helium dimers (top) and in N~5000 
clusters (bottom). The diagonal features show that the decay energy is shared between 
the ICD electron and the two He+ ionic fragments.  
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Figure 2 Joint energy spectrum of both He+ fragments after ICD showing mostly 
events with fragment energies below 3 eV (region I) and few events with higher 
particle energies (region II). (a) The ion pair is created inside the droplet and is 
slowed down due to interaction with the superfluid. (b) Both ions escape tangentially 
to the cluster surface without energy loss. (c) The ion pair is created near the cluster 
surface. One ion is shot into the bulk of the droplet and is scattered from a neutral 
cluster atom.  
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Figure 3 Top: Kinetic energy of the slower ionic fragments from region II versus 
relative angle between the momentum vectors of both fragments. The simulated, red 
curve indicates the energy relation for an ideal elastic scattering of a helium ion from 
a helium atom. Bottom: Kinetic energy of the slower ionic fragments from region I 
relative to the angle between the momentum vectors of both fragments.  
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Figure 4 Angular distribution of the ICD electron in the molecular frame of 
dissociating helium dimers (a) and in helium clusters in region I (b). The faster ion is 
emitted towards 0°. 
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